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Abstract
Bone quality in children is generally measured with dual-energy X-ray absorptiometry (DXA). Digital X-ray radiogrammetry
(DXR) uses BoneXpert to measure cortical bone quality on hand radiographs. This prospective study compared DXR and DXA
results in children with high probability of secondary low bone quality, defined as DXA of the lumbar spine (DXALS) Z-score ≤
− 2.0. One hundred one children underwent both DXA and DXR assessment. DXALS Z-scores were also adjusted for bone age.
DXR Z-scores were compared with both DXALS Z-scores, using Pearson correlations, Bland-Altman analysis, and sensitivity-
specificity analysis. Mean bone age, DXR, and both DXA Z-scores were significantly impaired. Pearson correlation coefficients
were significant between DXR Z-scores and both DXALS Z-scores 0.507–0.564 (p < 0.001). Bland-Altman analysis showed a
mean difference of 0.05–0.48 between DXR and both DXA Z-scores and showed more than 90% similarity for both DXALS Z-
scores ≤ − 2.0. DXR had a sensitivity of 67–71% and specificity of 77–83% compared to both DXALS Z-scores.
Conclusion: DXR correlates well with as well DXALS as bone age-adjusted DXALS Z-scores and shows good agreement with
as well DXALS as bone age-adjusted DXALS Z-scores ≤ − 2.0. DXR shows best results when compared with DXALS Z-scores.
What is Known:
• Digital X-ray radiogrammetry (DXR) may correlate well with dual-energy X-ray absorptiometry (DXA) in pediatric, adolescent, and adult patients.
• DXR is a feasible method for assessment of bone quality in children.
What is New:
• This is the first prospective study in children with suspected secondary low bone quality that illustrates correlation between DXR and bone age-adjusted
DXA Z-scores and that shows good agreement between DXR and DXA as bone age-adjusted DXA Z-scores ≤ −2.0.
• Our results suggest DXR to be a good alternative for DXA for determining low bone quality.
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Abbreviations
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BMDLS Bone mineral density of the lumbar spine
DXA Dual energy X-ray absorptiometry
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Introduction
Osteoporosis is a multifactorial skeletal disorder resulting in
bone fragility and is associated with fractures, morbidity, and
mortality [22]. Pediatric osteoporosis is generally categorized
in primary and secondary forms. Secondary osteoporosis and
thus also secondary low bone quality in children is caused by
systemic disease, their treatment, or indirect effects of system-
ic disease, such as immobilization, reduced time spent out-
door, and poor nutrition, or a combination of these factors
[28].
Osteoporosis in children is defined differently than in
adults, because bone mass (bone mineral density, BMD)
varies greatly with age. Therefore, bone densitometry uses
pediatric Z-scores that refer to an age-appropriate cohort of
healthy children and adolescents, instead of adult T-scores
[1, 26]. Z-scores ≤ − 2.0 are defined as low bone density or
mass for age [14]. According to the 2013 International Society
of Clinical Densitometry, pediatric osteoporosis is defined as
low bone density for age in combination with a clinically
significant fracture history, i.e., ≥ 2 long bone fractures before
age of 10 or ≥ 3 long bone fractures before age of 19, or the
presence of one or more vertebral compression fractures oc-
curring without major trauma or local disease [2].
Peak bone mass is a strong predictor of fracture risk and
osteoporosis in adulthood. Because 90% of peak bone mass is
acquired by the age of 18, any (in)direct effects of pediatric
disease influence bone status in both childhood and adulthood
[22, 28]. Incidence records of secondary low bone mineral
density (BMD: an equivalent of bone mass) vary; however,
the incidence of low BMD in non-ambulatory children with
cerebral palsy is reported up to 97% [7, 11]. Children with
limited ambulation typically have low BMD and many will
sustain fractures [8].
Dual-energy X-ray absorptiometry (DXA) is the golden
standard for bone quality measurement in children as well as
adults, due to precision, reproducibility, and availability of
normative data [14, 19]. DXAmeasurements give information
about BMD of the site studied. Different skeletal sites are
described for BMD measurement in children. DXA of the
lumbar spine L1–L4 (DXALS) is a recommended site and is
superior to DXA of the femur or fore arm [14]. Nevertheless,
DXA has its limitations. Disrupting factors as movement dur-
ing measurement, metallic implants, contractures, and some-
times even scoliosis can cause results to be non-interpretable.
In addition, the Z-scores are based on calendar age and do not
take bone age into account, hence, may provide inaccurate
findings [8, 12, 13]. Finally, DXA provides measurement of
areal BMD (g/cm2), rather than volumetric density (g/cm3),
which may result in underestimation of BMD in children with
small or narrow bones and overestimation of BMD in children
with tall stature [1, 8]. These limitations feel the need for
alternative methods.
The clinically available digital X-ray radiogrammetry
(DXR) of the hand seems a feasible alternative. Using a
web-based software like BoneXpert, it can assess both bone
age and bone quality, expressed as bone health index (BHI), a
measure of cortical thickness and mineralization, which may
result in an accurate representation of bone quality. The BHI
reference values are gender and bone age specific. DXR is less
stressful compared to DXA, easy to obtain, and often does not
involve additional exposure to ionizing radiation, since hand
radiographs for the assessment of bone age are regularly ob-
tained in disabled children that are prone to low bone quality
[13, 19, 27].
Several studies in pediatric, adolescent, and adult popula-
tions showed that bone quality measured by DXR may corre-
late well with DXA measurements [3, 17–19, 24]. Other stud-
ies mentioned sensitivity and specificity of DXR compared to
DXA of the lumbar spine and/or total body bone mineral
density as the “golden standard,” varying from 40–90 to 79–
93%, respectively [15, 16]. However, these studies were per-
formed in specific (i.e., children with juvenile idiopathic ar-
thritis or intestinal failure) and small (n = 24–35) pediatric
populations [15, 16]. This raises the question whether DXR
is a viable alternative for DXA for bone health assessment in
children with high probability of secondary low bone quality,
which has not yet been proven.
This study compares the measurements of DXR and DXA
performed in children with high probability of secondary low
bone quality, thus determining the diagnostic accuracy of
DXR as a method for determining bone health in these
children.
Materials and methods
Patients
Patients were sampled from the outpatient clinic of the
Radboudumc Amalia Children’s hospital, Nijmegen, the
Netherlands. We selected patients visiting the outpatient clinic
between July 2016 and January 2019 with a high probability
of low bone density. Patients were included if both DXA and
conventional radiographs of the non-dominant hand were per-
formed. If possible, both tests were performed on the same
day or else at least within 3 months. We selected patients older
than 3 years of age, the lower limit of Z-scores available for
BMD of the lumbar spine L1–L4 (BMDLS), and younger than
the reliability range of the DXR-measurements, i.e., 19 years
for boys and 18 years for girls [25]. Patients were excluded if
either BMDLS or BHI could not be assessed. This study has
been approved by the Medical Ethics Committee at
Radboudumc Nijmegen (file number 2016-2946). Informed
consent was acquired from all parents and, when appropriate,
patients aged 12 years or older.
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Study procedures
This was a prospectively planned cross-sectional diagnostic
comparative study. All inclusions and measurements took
place in the Radboudumc Amalia Children’s hospital,
Nijmegen, the Netherlands. We performed both DXR and
DXA scan in children with high probability of low bone qual-
ity due to (in)direct effects of systemic disease or their
treatment.
Digital X-ray radiogrammetry
Conventional radiographs of the non-dominant hand, usually
the left, were taken. DXR was processed using the BoneXpert
(BoneXpert, Version 2.4.5.1, Visiana, Holte, Denmark) soft-
ware. The BoneXpert software calculates the BHI based on
the cortical thickness (T), width (W), and length (L) of the
metacarpals, expressed in the following formula:
BHI = πT(1 − T/W)/(LW)0.33. It automatically compares the
BHI to a Danish and Dutch reference population with same
sex and bone age, expressed as a Z-score [24]. The bone age
calculation in BoneXpert is based on Greulich and Pyle [25].
Dual-energy X-ray absorptiometry
AHologic Discovery A S/N 85606 DXA scanner was used to
measure BMD expressed as g/cm2. DXALS is a recommended
skeletal site for BMD assessment in children, due to speed and
accuracy [14]. Therefore, patients in our study had to undergo
at least one successful assessment of BMDLS. BMD-
measurements were compared to normative values based on
ethnicity, age, and sex, as provided by the manufacturer,
expressed as Z-scores [9, 30]. Ultimately, BMDLS Z-scores
were corrected for bone age, using the results from the
BoneXpert software.
Statistical analysis
The estimated sample size was based on a power calculation
[6]. As the likelihood ratio combines the sensitivity and spec-
ificity of a test, we used this index to calculate the sample size.
With a sensitivity and specificity of 90%, the calculated min-
imal required sample size for a pre-determined value of posi-
tive likelihood ratio of 5.0 and a negative likelihood ratio of
0.20 (within a 95% confidence level) was 101. All statistical
analyses were performed using SPSS Version 25.0 (IBM,
Armonk, New York). Patient characteristics were documented
as continuous values, mean ± standard deviation (SD) when
normally distributed or median and range when not normally
distributed. Comparisons of bone age and BMD measure-
ments to a reference population were performed with one
sample t tests. To evaluate the possible impact of ambulatory
status on bone age and BMD measurements, independent
sample t tests were performed.
All analyses compared BHI Z-scores with BMDLS and
bone age-adjusted BMDLS Z-scores. DXA measurements
were used as the golden standard in all analyses.
Correlations between DXR and DXA Z-scores were assessed
with Pearson correlation coefficients. Subgroup analysis for
ambulatory status was performed with Fisher r-to-z transfor-
mation as described by Snedecor et al. [21]. Agreement be-
tween DXR and DXA Z-scores was assessed with Bland-
Altman analysis, 95% confidence interval limits of agreement
were calculated and linear regression was performed to rule
out proportional bias. Coherence between both Bland-Altman
analyses was calculated with correlation coefficients and
paired sample t tests. Percentage similarity was calculated to
show relative agreement between BMDLS and bone age-
adjusted BMDLS Z-scores and BHI Z-scores according to the
following formula: [((A/B)/2)/A] × 100%; A represents the
BMDLS and bone age-adjusted BMDLS Z-scores and B the
BHI Z-scores [20]. To evaluate impact of bone age-adjusted
BMDLS Z-scores, paired sample t tests were performed.
To determine if DXR can correctly diagnose a low bone
density in patients with a DXA Z-score ≤ − 2.0, a sensitivity-
specificity analysis was conducted. Subgroup analyses were
performed for full ambulatory (gross motor function classifi-
cation system ≤ 2) and (outdoor) non-ambulatory (grossmotor
function classification system ≥ 3) patients. p values < 0.05
were considered statistically significant.
Results
Patients
One hundred eighteen patients were eligible for the study, of
whom 17 could not be included due to unavailable test results
(Fig. 1). The median time interval between the DXA scan and
hand radiograph was 0 day, with only three outliers > 50 days
(55, 86, and 91 days).
Patient characteristics of the included 101 patients are
shown in Table 1. Sixty-three (62%) patients were fully am-
bulatory and 38 (38%) were (outdoor) non-ambulatory.
Twenty-seven out of 38 (71%) non-ambulatory patients were
severely disabled (gross motor function classification system
≥ 4). Mean bone age Z-score was significantly lower than that
of healthy peers with the same age (mean Z-score − 0.5, p =
0.001). Mean bone age Z-score of ambulatory patients did not
differ from non-ambulatory patients (p = 0.76).
Feasibility
It was possible to assess the BHI in 108/118 (92%)
individuals (Fig. 1). All 10 unsuccessful measurements
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were in severely disabled children and were due to
flexion/contractures of the hand (50%), anatomical bone
deformities (30%), or failure to assess bone age (20%).
Assessment of BMDLS was not possible in 11/118 (9%)
patients. Nine out of 11 (82%) patients that failed
BMDLS assessment were severely disabled. The most
common cause of inability to analyze BMDLS in this
group was incapability to lie still (50%). In the two full
ambulatory patients, measurement was impossible due to
presence of osteosynthesis material.
In 4 children, it was not possible to determine both
BMDLS as well as BHI. All of these children were
severely disabled. In this group, BHI assessment failed
due to flexion/contractures of the hand (3 children) and
anatomical bone deformities (1 child), and BMDLS as-
sessment was not possible because of inability to lie
still (3 children) and spasms (1 child).
Bone health assessment
A total of 101 combinations of BMDLS and BHI mea-
surements were obtained. Mean BMDLS, BHI Z-scores,
and mean bone age-adjusted BMDLS Z-scores were sig-
nificantly lower (p < 0.001) than a reference population
with Z-score 0 (Table 2) [9, 24, 30]. Compared to the
fully ambulatory patients, non-ambulatory children had
significant lower mean BMDLS (p < 0.001), BHI
(p < 0.001), and mean bone age-adjusted BMDLS
(p < 0.001) Z-scores.
Correlation between DXA and DXR
All BHI Z-scores and DXA as well as bone age-
adjusted DXA Z-scores were positively and significantly
correlated (BHI Z-score and BMDLS Z-score, 0.564,
p < 0.001; BHI Z-score and bone adjusted BMDLS Z-
score, 0.507, p < 0.001). All correlation coefficients
were lower for the non-ambulatory group compared to
the full ambulatory group (data not shown), but these
differences were not statistically significant using the
Fisher r-to-z transformation (Fig. 2).
Fig. 1 Flowchart of patient exclusion. DXA, dual-energy X-ray absorptiometry
Table 1 Patient characteristics and demographics
n = 101
Male gender, n (%) 55 (55)
Main diagnoses, n
Scoliosis 36
Epilepsy 34
Neurological disorder, non-epileptic 18
Genetic mutation, non-epileptic 8
Syndromic disorder 16
Pulmonary disease 10
Gastrointestinal disease 4
Childhood cancer 4
Fractures with unknown cause 4
Patients with ≥ 1 diagnoses, n (%) 29 (29)
Ambulatory status, n (%)
Full ambulatory (GMFCS ≤ 2) 63 (62)
(Outdoor) non-ambulatory (GMFCS ≥ 3) 38 (38)
Severely disabled (GMFCS ≥ 4) 27 (71)
Time between DXA and DXR in days, median (range) 0 (0–91)
Age at DXR in years, mean (SD) 11.7 (± 3.8)
Bone age at DXR in years, mean (SD) 10.9 (± 3.7)
Z-score bone age, mean (SD) − 0.5 (± 1.4)*
GMFCS gross motor functioning classification system,DXA dual-energy
X-ray absorptiometry, DXR digital X-ray radiogrammetry, SD standard
deviation
*p value = 0.001 on one sample t test with test value 0
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Comparison between DXA and DXR
Agreement between DXA and DXR
Correlation can describe a linear relationship between two
methods of measurement, but does not necessarily imply
agreement [4]. Therefore, we conducted Bland-Altman anal-
ysis, shown in the Bland-Altman plots (Fig. 3). BMDLS and
BHI Z-scores showed a non-significant mean bias of 0.05.
Bone age-adjusted BMDLS and BHI Z-scores showed a sig-
nificant mean bias of 0.48 (p = 0.002). Linear regression did
not demonstrate proportional bias for both comparisons.
Differences between BHI Z-scores and BMDLS Z-scores,
and BHI and bone age-adjusted BMDLS Z-scores, showed
strong correlation (r = 0.821; p < 0.001).
To show relative agreement, we plotted percentage similar-
ity between (BA-)BMDLS Z-scores and BHI Z-scores (Fig. 4).
BMDLS and BHI Z-scores showed a mean similarity of 47.9%
and bone age-adjusted BMDLS and BHI Z-scores a mean sim-
ilarity of 66.7%. BHI Z-scores showed a percentage similarity
of 90.9% with BMDLS Z-scores for BMDLS Z-scores ≤ − 2.0,
which was significant different compared to BMDLS Z-scores
> − 2.0 (p = 0.029). In addition, BHI Z-scores demonstrated a
percentage similarity of 92.4% with bone age-adjusted
BMDLS Z-scores for Z-scores ≤ − 2.0, which was not
significant different compared to bone age-adjusted BMDLS
Z-scores > − 2.0 (p = 0.304).
Classification of bone health by DXR compared to DXA
DXR had a sensitivity of 67% and a specificity of 83% for low
bone mineral density (BMDLS Z-score ≤ − 2.0). When
BMDLS results were corrected for bone age, sensitivity, and
specificity were respectively 71% and 77%.
Subgroup analysis calculated distinguishing features for
full ambulatory and non-ambulatory children. In full ambula-
tory children, DXR had a sensitivity of 53% (BMDLS Z-score)
and 67% (bone age-adjusted BMDLS Z-score). Specificity was
88% (BMDLS Z-score) and 85% (bone age-adjusted BMDLS
Z-score). Sensitivity and specificity were respectively 76%
and 71% (BMDLS Z-score) and 73% and 57% (bone age-
adjusted BMDLS Z-score) in non-ambulatory children.
Discussion
Our results show that DXRmay be a promising alternative for
measuring bone health in children with high probability of
secondary low bone quality. BHI has a significant and positive
correlation with all DXA measurements. Agreement between
Fig. 2 Correlation between DXR and DXA measurements for BMD lumbar spine Z-scores and BHI Z-scores (a) and bone age-adjusted BMD lumbar
spine Z-scores and BHI Z-scores (b). BMD, bone mineral density; BHI, bone health index
Table 2 Bone health assessment
of patients divided into three
categories
Mean BMDLS Z-
score
Mean BHI Z-
score
Mean bone age-adjusted BMDLS
Z-score
All patients (n = 101) − 1.3 (± 1.8)* − 1.3 (± 1.6)* − 0.8 (± 1.5)*
Full ambulatory (n = 63) − 0.7 (± 1.5) − 0.9 (± 1.4) − 0.9 (± 1.4)
(Outdoor) non-ambulatory
(n = 38)
− 2.2 (± 1.8)** − 2.0 (± 1.6)** − 1.7 (± 1.3)**
DXR digital X-ray radiogrammetry, BMDLS lumbar spine bone mineral density, BHI bone health index, SD
standard deviation
*p value < 0.001 on one sample t test with test value 0
**Significant difference compared to full ambulatory patients (p < 0.001)
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BHI and as well BMDLS as bone age-adjusted BMDLS is high,
especially for Z-scores ≤ − 2.0. BHI Z-scores show best diag-
nostic performance when compared with BMDLS Z-scores
without correction for bone age.
To our knowledge, this is the first prospectively planned
cross-sectional study comparing DXR and DXA in a diverse
group of children with high probability of secondary low bone
quality and the first study to compare DXA scores corrected
for bone age. We used DXR with automated calculation of
bone age and bone quality using the BoneXpert software.
The advantages of DXR over DXA are its low burden on
patients, no influence of soft tissue thickness on bone quality
calculations, and since many children with suspicion of low
bone quality have an indication for a hand radiograph to ana-
lyze bone age, the extra software postprocessing does not
involve additional exposure to ionizing radiation [10, 13,
27]. Additionally, conventional radiographs of the hand can
be performed in any hospital in the Netherlands, in contrary to
DXA [13].
Previous studies compared DXR and DXA measurements
in different groups of children; however, only a few compared
DXA Z-scores with DXR. The correlation coefficients be-
tween BMDLS and BHI Z-scores in our study were higher than
those found in children with juvenile idiopathic arthritis or
children with suspected secondary low bone mineral density
[16, 19]. A study in children with inflammatory bowel disease
showed comparable correlation coefficients between BMDLS
and BHI Z-scores [4]. Neelis et al. showed slightly higher
correlation coefficients in children with intestinal failure
[15]. That study also attempted to show agreement between
BMDLS and BHI. Limits of agreement were comparable with
our study; however, their variability was non-consistent, most
likely due to their small number of participants. Sensitivity
and specificity of DXR compared to DXALS were similar
[15].
Unfortunately, DXR assessment was not possible in 10 of
118 (8%) of eligible patients, due to overprojection of meta-
carpals, anatomical bone deformities, and missing bone age.
Fig. 4 Bland-Altman graphs illustrating the percentage similarity. The X-
axis shows the absolute value of BMD lumbar spine (a) and bone age-
adjusted BMD lumbar spine Z-scores (b); the Y-axis indicates the percent-
age similarity between BMD lumbar spine and BHI Z-scores (a), and
bone age-adjusted BMD lumbar spine and BHI Z-scores (b). The dotted
line represents a similarity of 100%. Z-BMD, bone mineral density Z-
scores; Z-BHI, bone health index Z-score
Fig. 3 Bland-Altman graphs illustrating similarity between absolute
scores of BMD lumbar spine and BHI (a) Z-scores and bone age-
adjusted BMD lumbar spine and BHI Z-scores (b). The X-axis indicates
the mean of the two methods (DXA and DXR) and the Y-axis shows the
difference. The small dotted line represents a difference of 0 and the large
dotted line illustrates the 95% limits of agreement. Z-BMD, bone mineral
density Z-scores; Z-BHI, bone health index Z-score; DXA, dual-energy
X-ray absorptiometry; DXR, digital X-ray radiogrammetry
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This percentage is higher than in previous studies that showed
1.4 to 7.6% [15, 19, 23]. However, in our study DXR only
failed in severely disabled patients. If ambulatory status is
taken into account, DXR had a feasibility of 100% in full
ambulatory patients and was successful in 27/37 (73%) se-
verely disabled patients. This is better than the 63.2% reported
in a feasibility study in severely disabled children [13].
We investigated correlation, agreement, and distinguishing
features of DXR compared to DXALS, since DXALS is a rec-
ommended skeletal site for BMD measurement in children
and is superior to DXA of the femur or fore arm [14]. BHI
and BMDLS Z-scores correlated well and showed moderate to
good agreement. Percentage similarity showed good agree-
ment for Z-scores ≤ − 2.0. Nonetheless, in 27 (27%) patients
BHI and BMDLS Z-scores differed greatly (> 2 Z-scores). This
difference was caused by a large discrepancy between bone
and calendar age in 9/27 (33%) individuals. In 16 of the 18
(89%) remaining patients, BMDLS was higher than the BHI Z-
score, probably because DXR is described to be more sensi-
tive to irregularities than DXA [15]. Another possible expla-
nation is that DXR is sensitive to a decrease in the amount of
bone tissue, but unsuitable for bone mineralization defects,
especially when affecting the cortical bone [19, 24]. Certain
syndromic disorders and genetic disorder that are known for
altered bone mineralization may cause differences between
DXA and DXR. Furthermore, DXR only measures cortical
bone [24], and therefore, disease and/or medication that alter
trabecular bonemay create differences in BMDmeasurements
by DXR and DXA. However, for clinical practice, it is most
important to determine low bone quality (Z-scores ≤ − 2.0).
Our results showed good agreement between BHI and
BMDLS and bone age-adjusted BMDLS for Z-scores ≤ − 2.0.
Additionally, in this series with high prevalence of children
with low bone quality, DXR showed good negative predictive
value of 82% and 89% when compared to BMDLS and bone
age-adjusted BMDLS Z-scores. These values were even higher
for ambulatory patients (BMDLS Z-score, 86%; bone age-
adjusted BMDLS Z-scores, 94%), most likely because immo-
bility induces altered bone geometry, i.e., thinner cortices and
reduced cortical diameters [5], resulting in lower BHI values
for non-ambulatory patients.
In the present study, bone density was significantly im-
paired. As shown in Table 2, it is presumable that ambulatory
status had a large contribution to the impaired mineral bone
density in all patients. Ambulatory status did not influence
bone age. Bone age was significantly impaired compared to
a healthy cohort; hence, we adjusted the DXA Z-scores for
bone age and compared these with the BHI Z-scores, as was
suggested earlier [15].
Bone age is associated with pubertal maturation and could
therefore be an advantage [29]. Unexpectedly, DXA scores
adjusted for bone age were slightly worse correlated with
BHI Z-scores than DXA Z-scores. In addition, comparison
of bone age-adjusted DXALS Z-scores with BHI Z-scores
showed a significant mean bias of 0.48. Although this mean
bias differed significantly from the mean difference between
DXALS Z-scores with BHI Z-scores, differences from the
Bland-Altman analyses showed a very strong positive corre-
lation. Similarity percentage between BHI and bone age-
adjusted DXALS Z-scores were comparable for Z-scores ≤ −
2.We hypothesize that these results are most likely due to lack
of reference range data for bone age-adjusted DXALS scores
[5]. In the present study, we used the same reference database
for as well the DXALS as the bone age-adjusted DXALS Z-
scores. It is probable that normal distribution between bone
age and BMD diverge; therefore, bone age-adjusted DXALS
Z-scores can differ from measured DXALS Z-scores. In addi-
tion, the bone age was significantly impaired in our cohort,
resulting in higher bone age-adjusted DXALS Z-scores than
measured DXALS Z-scores. Moreover, it is likely that differ-
ences between bone age-adjusted DXALS and measured
DXALS Z-scores tend to be more pronounced when there is
a larger difference between bone age and calendar age, as for
our population.
Strengths of our study include its prospectively planned
cross-sectional design. The amount of patients included is
substantially larger than in previous studies [10, 15–17]. In
addition, our patient group is heterogeneous in both ambula-
tory status andmedical conditions that could lead to secondary
low BMD. Therefore, our study population is representative
for a large amount of patients that might need bone quality
assessment.
Further, the median time interval between DXA and hand
radiographs was 0 day. This makes our comparison more re-
liable, especially for the bone age-adjusted DXA Z-scores,
compared to studies where the time interval was up to
8 months [19].
Some limitations of our study should be addressed.
Subgroup analyses were difficult to interpret, because the
non-ambulatory group was smaller than the full ambulatory
patient group. Also, since we only included patients who
underwent both DXA and DXR, there may be a selection bias.
Some parents did not want to make an additional DXR. In
addition, clinicians’ interpretation of a high probability of
low bone mineral density could vary, and therefore, there
could be a selection bias.
In conclusion, DXR and DXA measurements correlate
well. BHI and as well BMDLS as bone age-adjusted BMDLS
Z-scores show good agreement for Z-scores ≤ 2.0, especially
the comparison of BHI and BMDLS Z-scores. Our results sug-
gest DXR to be a promising alternative for DXA for deter-
mining low bone quality in children with suspected secondary
low bone quality or osteoporosis. Future research should in-
clude gathering of reference data for bone age-adjusted DXA
Z-scores, the value of DXR in predicting future fracture risk,
and the value of DXR in measuring the therapeutic effects of
Eur J Pediatr (2019) 178:1433–1441 1439
different interventions. For these last two reasons, prospective,
longitudinal studies are required.
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